We measured dielectric permittivity of dry and fluid-saturated Green River oil shale samples over a frequency range of 1 MHz to 1.8 GHz. Dry sample measurements were carried out between room temperature and 146 °C, saturated sample measurements were carried out at room temperature. Samples obtained from the Green River formation of Wyoming and from the Anvil Points Mine in Colorado were cored both parallel and perpendicular to layering. The samples, which all had organic richness in the range of 10-45 gal/ton, showed small variations between samples and a relatively small level of anisotropy of the dielectric properties when dry. The real and imaginary part of the relative dielectric permittivity of dry rock was nearly constant over the frequency range observed, with low values for the imaginary part (loss factor). Saturation with de-ionized water and brine greatly increased the values of the real and imaginary parts of the relative permittivity, especially at the lower frequencies. Temperature effects were relatively small, with initial increases in permittivity to about 60 °C, followed by slight decreases in permittivity that diminished as temperature increased. Implications of these observations for the in situ electromagnetic, or radio frequency (RF) heating of oil shale to produce oil and gas are discussed.
INTRODUCTION
In a relatively small area of the western United States, nearly 60% of the world's oil shale resource base resides, about 1.5 trillion potential barrels of oil. This is 1.5 times larger than estimates of current worldwide proven petroleum reserves. Increasing prices for crude oil have prompted a fresh look at the potential for in situ conversion of these oil shale reserves into a petroleum product that can be conventionally pumped with acceptable environmental impact. Primary challenges for in situ conversion of oil shale to recoverable petroleum are determining the most effective and economical means to (a) heat the formation to temperature where kerogen is converted, (b) extract the converted oil, and (c) minimize contamination of local fluids by the process. In this paper we address questions related to the first of these considerations.
One approach to oil shale in situ formational heating that is being considered is radio frequency (RF) dielectric heating at slow rates compared to retorting (Burnham, 2003) . RF heating is worthy of study because it can be applied in situ with significant environmental advantages and, if feasible, can provide improvements in heating efficiency and process control that other methods such as direct current heating, inductive heating, or steam injection cannot provide. Several companies have patented in-situ oil shale heating technologies ultimately dependent on conductive heating, which suggests a rejection of the RF heating approach, but we have found no published reports that give conclusive evidence for accepting or rejecting slow-deposition-rate RF dielectric heating. With slower heating rates, oil will evolve at lower temperatures but will take longer to accomplish (Burnham, 2003) . One difficulty in assessing the potential of RF heating technology is that the fundamental dielectric properties of oil shale at conditions approximating in situ are not understood. Questions about process control, formational behavior as heating progresses, oil recovery, etc. are all secondary to one fundamental question: Can RF energy penetrate the rock formation and effectively heat kerogen in a larger region about the heating source than diffusive methods at lower energy cost? This depends on how dielectric loss of oil shale behaves as a function of frequency, water saturation, temperature, pressure, and kerogen content. This paper is a report of an experimental study on well-characterized samples under controlled conditions in order to answer some of the questions needed to assess the feasibility of in-situ RF heating as a viable process for oil shale exploitation.
Our study is based on shale samples obtained from the Green River Shale formation of southern Wyoming and northwestern Colorado. One set of samples, provided by Anadarko Petroleum Company, come from the Green River Basin of southwest Wyoming, and will be here referred to as Anadarko shale. The other set was obtained from the U.S. Bureau of Land Management Anvil Points mine near Glenwood Springs, Colorado, and will be referred to as Anvil Points shale. Core samples were cut, both parallel and perpendicular to the shale bedding planes, from the original pieces of rock provided and samples were prepared suitable for dielectric measurements. We carried out measurements of dielectric permittivity on dry and wet (de-ionized water and brine) samples with different levels of saturation at room temperature and on dry samples at temperatures up to 146° C. In this paper we provide a summary of the results of these measurements and provide our interpretation of these results in terms of possible application of radio frequency heating to in situ recovery of petroleum from oil shale.
DIELECTRIC PROPERTIES AND ANALYSIS
We follow the following conventions established by Von Hippel (1954) for the study of dielectric properties. The dielectric constant of a material is defined as
where j is −1 and ′ ε and ′ ′ ε are the real and imaginary parts of the dielectric constant.
The relative dielectric constant is defined as
where ε 0 is the permittivity of free space, 8.854 X 10 -12 F/m. Dielectric parameters are usually determined from impedance measurements using capacitor circuits.
Another parameter commonly used is the loss tangent, which is defined as the ratio of the loss current to the charging current in the electrical circuit. In terms of the dielectric parameters, loss tangent is defined (Von Hippel, 1954) as
The dielectric conductivity is a function of angular frequency, (ω = 2πf, where f is frequency in Hz):
From these parameters, we define power absorbed per unit volume as
Where E is the magnitude of the electric field strength in the material. For material with negligible magnetic loss, the rate of decay of the electric field as it travels through a material (the attenuation factor, α) is defined by
For small values of tanδ , 1+ tan 2 δ −1 ≈ tan 2 δ 2 and the attenuation becomes
Here, λ 0 is the free-space wavelength. The inverse of the attenuation constant, 1 α , is referred to as the skin depth, which is the distance within the material where the field strength is decreased by 1 e . The ability to heat a material with radio frequency energy depends on the dielectric loss and on the thermal capacity of the material, ρC p , where ρ is the material density and C p is heat capacity, which is typically on the order of about 2 X 10 6 W-s m -1 °K -1 for rock. To heat a volume of material at a rate of ∆T t , where t is time and ∆T is temperature change, we use (5) to obtain
For a given heating rate, we can use (6) to find the electric field strength needed to heat the material as a function of the frequency, relative dielectric constant, and loss tangent:
The denominator of (9) is often referred to as the power dissipation factor.
Materials that contain polar molecules, such as water, display a relaxation phenomenon at high radio frequencies due to the fact that rotation of the molecule can't keep up with the applied field. A form of the Debye equation illustrating this (Gabriel et al., 1998) is
where ′ k s is ′ k at the low frequency limit, ′ k ∞ is ′ k at the high frequency limit, and τ is the relaxation time of the molecule. For pure water, ′ k is a constant with a value of about 80 ( ′ k s ) for frequencies below the GHz range, ′ k begins to decrease at about 1 GHz and reaches at frequencies > 10 ′ k ∞ 11 Hz. The value of ′ ′ k is essentially zero and rapidly increases to a peak at a frequency of about 10 GHz and then decreases. The loss peak occurs at a resonant frequency related to the molecule relaxation time. Such relaxation for water is exploited in microwave heating in commercially available home ovens. Organic solvents and other polar organic materials often display dielectric relaxation phenomena over a wide range of frequencies (Gabriel et al., 1998) . One question we wanted to answer in this study is whether the organic matter (kerogen) contained in oil shale, or some of its constituents, might demonstrate dielectric relaxation at some temperature or frequency that we would be able to impose on the shale.
PREVIOUS STUDIES OF THE DIELECTRIC PROPERTIES OF OIL SHALE
A review of the literature for reports of dielectric measurements on oil samples reveals fundamental information about how dielectric properties are affected by the frequency of measurement, temperature, and oil yield of the shale for dry rock. Moisture content has a strong effect on dielectric properties (Piwinskii and Duba, 1976) and Nottenburg et al. (1979) showed that values of dielectric parameters decreased with successive drying cycles of the shale samples. As with all porous materials, presence of water in the pore space will have a large effect on dielectric properties because the real part of the relative dielectric constant of liquid water is very high (~ 80) compared to that of the matrix (typically less than 10 at high frequencies), and because of the polar nature of the water molecule. Addition of ions to the water adds to its conductivity and, at frequencies below a few MHz, significantly increases dielectric constant and loss factor because of low frequency ionic effects. Other than the study of Nottenburg et al. (1979) , we have found no studies of the effect of pore water on the dielectric properties of oil shale; this is probably due to the difficulty of quantifying the level of saturation of very low porosity rock as well as the very high conductivities and dielectric constants of saturated rock at low frequencies.
In an analysis of the contributions of rock matrix constituents to the dielectric properties of shale, Rajeshwar and Inguva (1985) point out that air and kerogen ( 1.0 and 2.3, respectively) are contributors for low values of permittivity, while water, pyrite, and ferric oxide ( 80.0, 33.7, and 25.0, respectively) are contributors to high values of permittivity. This is verified by the findings of Duba and Piwinskii (1976) , Nottenburg et al. (1979) , Laine and Lytle (1980) , Rajeshwar et al. (1980) and Jesch and McLaughlin (1984) who all observed lower values of the real part of the relative dielectric permittivity for shale samples with higher oil yield (e.g. as the amount of organic matter in the rock increased). All the above studies on dry oil shale also show a decrease in the values of dielectric properties with higher frequencies (see Table 1 ). The only study carried out in mid-range radio frequencies was that of Rajeshwar et al. (1980 , 10 -1000 ; other studies were at single or lower frequencies or much higher (Briggs et al., 1983; 8-12 GHz) .
Two studies (Hu, 1979 and Jesch and McLaughlin, 1984) looked at the effect on dielectric properties of heating shale through the point where organic matter was released by pyrolysis. The report by Hu (1979) was not quantitative, but 1000 W of microwave power at 915 MHz was used to heat a sample at 287 °C/min. A rapid change in dielectric properties occurred starting at 450 °C. Jesch and McLaughlin (1984) observed a rapid increase in dielectric properties between 400° and 500° C accompanied by oil evolution from the sample. The study by Briggs et al. (1983) took samples up to 250° C with little change in dielectric properties noted. Rajeshwar and Inguva (1985) suggest that as temperatures reach the point where the polar molecules in the organic fraction start to mobilize, the dielectric properties will probably begin to increase, but quantitative data is not supplied. Clearly the kerogen in the shale is non-polar and has a low values of dielectric permittivity and loss at frequencies greater than 10 MHz or so until temperatures reach the point where it begins to break down into gas and oil, which are heating rate dependent [see Burnham and Singleton (1983) for discussion of pyrolysis kinetics of Green River oil shale]. Table 1 summarizes the general quantitative observations discussed above from some of the references. Our conclusions, based on the above survey of past studies, are as follows: (1) there are relatively few studies of oil shale dielectric properties in the 10 MHz -1 GHz range; (2) the effect of partial saturation with pure water or brine on dielectric properties is not well characterized; and (3) it is not known if any dielectric relaxation mechanisms exist for oil shale in the 10 MHz -1 GHz range. Finally, for application of radio frequency heating to in situ pyrolysis of oil shale, we would like to understand the implications of the effects that pure water and brine content in low porosity rock have on critical parameters for heating, such as skin depth. The intent of our measurement campaign was to study the dielectric behavior of dry, partially saturated, and saturated oil shale with different organic content over temperature ranges from room temperature to those as high as possible with the measurement apparatus available and over a frequency range likely to be applicable to in situ conditions (10 MHz -1 GHz).
SAMPLE DESCRIPTION AND MEASUREMENT SYSTEM
Oil shale samples from the Green River Formation of southwestern Wyoming were provided by Anadarko Petroleum Company, and samples from the Anvil Points Mine in Colorado were provided by the U.S. Bureau of Mines. Pieces of rock about 10 -15 cm in size were collected from either fresh core (Anadarko) or in-mine outcrop (Anvil Points) and shipped to our laboratory. These rock samples were relatively fresh and dry, but were not given any special protective treatment prior to sample preparation. Cores 2.54 cm diameter were cut both perpendicular and parallel to shale layering (bedding planes). Small disks 5 ± 0.1 mm thick were cut from the core samples. After labeling, the samples 1 Piwinskii and Duba (1976) and Nottenburg et al. (1979) 2 Nottenburg et al. (1979) 3 Jesch and McLaughlin (1984) 4 Laine and Lytle (1980) done in situ, cross-well measurements in dry rock 5 Rajeshwar et al. (1980) and Briggs et al. (1983) were placed in a vacuum oven at 35 °C for drying. After at least several days in the oven the shape and weight of the samples were measured to determine dry density. From the dry density, we used the relationship of Smith (1969) to compute the organic richness of the Anvil Points samples. Measured dry densities for Anvil Points samples were 1.947±0.57 g/cm 3 , with calculated richness 45.28 ±4.83 gal/ton. Chemical analyses of the Anadarko samples revealed organic carbon content (weight percent) ranging from 4.7 to 11.0, which is equivalent to an organic richness ranging from 9.8 to 24.3 gal/ton, using the relationship given by Singleton (1986) .
It is very difficult to measure exactly and control saturation in very low porosity rock samples such as oil shale. Our approach was to initially dry the samples until weight loss stabilized, indicating that there was little to no pore fluid left to lose. After completing a set of measurements on dry samples, a subset were placed in a nitrogen gas environment, evacuated, and backfilled with either de-ionized water or brine pressurized to 45 psi. Sample were weighed and then left in the solution until the weight stabilized, typically in about 7-8 days. Porosity was estimated by subtracting dry density from wet density. Saturation levels of the sample could then be determined by comparing current sample weight with the dry and fully saturated weight. This was done on samples in both orientations with respect to the shale layering.
When a sample has been saturated with brine and later dried, a salt residue can be left behind in the pore space which can alter the electrical properties of the dry shale. In addition, the small wafers of oil shale that we performed measurements on are very delicate, especially during or after being heated to 100 °C or higher. For this reason, we left the higher temperature measurements to be completed last on samples that had never been saturated. Because of limitations of our ability to calibrate the measurement system at high temperatures we did not extend sample temperatures beyond 150 °C.
The measurement system for the dielectric measurements consisted of a Hewlett-Packard 4291A Radio Frequency Impedance/Material Analyzer connected to an Agilent 85070E dielectric probe kit with a high temperature probe. The analyzer operates over a frequency range of 1 MHz to 1.8 GHz. The system is connected to a PC that collects, stores, and displays data from each sample run. For each sample run 801 data points were collected between 1 MHz and 1.8 GHz. After the standard calibration procedure using a short, open circuit, and load impedance, we ran measurements on Teflon samples to verify that there were no major problems with the calibration over the entire frequency range. Typical calibrated results for a series of these runs on Teflon is shown is Figs. 1 and 2. As Figs. 1-2 show, calibration begins to show large errors below 10 MHz and above 1 GHz; these are probably due to limitations of the Agilent sample holder assembly. Nominal values of the real part of relative dielectric constant of Teflon are 2.05 -2.1 and the imaginary part is close to zero. Once the system is calibrated and running, it only takes 2-3 minutes to complete a measurement on a sample. Note also that the system measures impedance and can thus provide output parameters in whatever equivalent format that is desired. For each measurement, we recorded the following equivalent parameters: impedance magnitude (|Z|) and phase (φ), loss factor ( ′ ′ k ) and loss tangent ( tanδ ), real part of the relative dielectric constant ( ′ k ) and loss tangent ( tanδ ), and ′ k and ′ ′ k (real and imaginary parts of the relative dielectric constant). Results we show here will be in terms of the real and imaginary parts of the relative dielectric constant ( ′ k and ′ ′ k ) over the frequency range of 8 MHz to 1 GHz.
Because the face of a shale sample disk is much larger in area than the area of the sample probe, we also investigated the uniformity of the samples in both of the sample core orientations. Variations across the sample are too small to introduce measurement differences due to sample thickness alone. Using a registration mark on the sample as reference, we rotated the sample in the plane of the disk to make 8 equally spaced measurements. As discussed below, these successive measurements only showed significant differences for saturated samples, when moisture would slowly evaporate from the sample as it was rotated for successive measurements.
MEASUREMENT RESULTS
As mentioned above, one of the first things we wanted to investigate was variability of the relative permittivity due to the position of the sample within the sample holder. Figs. 3 and 4 show real and imaginary parts of the relative permittivity from 8 MHz to 1 GHz as a function of position of the sample in the sample holder as described in the paragraph above. These are for a dry sample of Anvil Points shale cored perpendicular to the layering and are typical of all the shale samples. The variation of the real part is on the order of 1-2%; variation for the imaginary part is much smaller. The anomaly in the measurements occurring near 100 MHz is a systematic error related to the instrument calibration; in general the real part is constant with frequency, with a very slight decrease at the highest frequencies. The loss factor (imaginary part) is very small (< 0.02 -0.03) over the frequency range with a small decrease at the highest frequencies. As was the case for the Teflon standard (see above), noise levels are highest below about 20 MHz and above 200 MHz. Similar measurements on both Anadarko and Anvil Points samples in the transverse direction (parallel to the layering) showed more variation with sample position, probably because of subtle variations as the relative position of the layering changes with rotation. Finally, there is no evidence over the frequency range shown in Figs. 3 and 4 of any relaxation mechanism.
Because we prepared samples from different rock specimens, we were able to look at inter-sample variability, as shown in Figs. 5 and 6. These figures show the real and imaginary part of the relative permittivity for four different pieces of dry Anadarko shale. First note that both the real and imaginary part of the relative permittivity are higher for the Anadarko samples compared to the Anvil Points sample. The real part of the permittivity varies about 10% between samples with a slightly larger variability for the imaginary part. The vertical scale for these figures is larger, making the noise levels appear to be smaller, although the anomaly at 100 MHz does not appear in these data. Differences in relative permittivity between samples does not in this case appear to be related to organic richness; sample OS4 has the largest organic richness (24.3 gal/ton) among these samples while sample OS6 has the lowest (9.8 gal/ton). Samples OS5 and OS7 have very similar values of organic richness (16.9 and 16.0 gal/ton).
Figures 7 and 8 show the effect of saturation with de-ionized water on the relative permittivity of Anvil Points shale. The curves for dry rock, 0% saturation, are the same as those shown in Figs. 3 and 4 (note the scale difference). The real and imaginary part of the relative permittivity are at their lowest values and relatively unvarying with frequency. As the saturation level increases, both the real and imaginary parts of the permittivity increase, especially at the lower frequencies, where ionic conduction effects dominate. This effect is not expected for pure water and indicates that, during saturation, salts left behind in the pore space are mobilized and rock dissolution occurs. This is verified by an observed increase in conductivity of the bulk fluid after the dry rock sample was placed in the beaker of de-ionized water.
Samples saturated with brine show behavior similar to those saturated with de-ionized water -increased values of the real and imaginary parts of the permittivity over all frequencies but especially at high frequencies -but the effect is much larger, presumably due to the higher ionic content of the fluid. The brines we used to saturate our samples were relatively low conductivity (658 µS/cm) and chosen to be the same as the mean value of those observed at shallow depths in natural ground water where the Green River shale occurs (Apodaca, 1998) .
Effects of temperature on relative permittivity are shown in Figs. 9-12 for Anvil Points shale. Figures 9 and 10 show the progressive changes in the real and imaginary part of the relative permittivity as temperature changes from 23 °C to 100 °C. These are samples cut so the measurement is in the direction parallel to layering. Initially, the real and imaginary parts increase with temperature, up to 65 °C, then they decrease. At 100 °C both the real and imaginary parts have decreased to values below those at room temperature. This may indicate additional drying of the samples or removal of humidity effects from the ambient atmosphere. Effects of temperature are greatest at the lower frequencies. However, these temperature effects are not dramatic; differences are on the order of about 15%. It is unlikely that any changes in chemical or material properties are occurring. Figures 11 and 12 show changes in real and imaginary part of the relative permittivity for an Anvil Points shale sample cut perpendicular to layering for temperatures up to 146 °C, the highest temperature we were able to safely and reliably obtain with our measurement system. As the figures show, changes with temperature are very small in this range, and it is obvious that calibration compensation of the measurement system begins to fail above about 200 MHz for the highest temperatures.
The data shown so far illustrate the following: both the real and imaginary parts of the relative dielectric permittivity of the Anadarko and Anvil Points shale are nearly the same and show relatively small changes with frequency over the range 8 MHz -1 GHz for dry samples. Samples saturated with de-ionized water show significant increases in permittivity at the lower frequencies with even larger increases occurring when the conductivity of the fluid is increased. Temperature has a relatively minor effect on dielectric properties of dry shale for temperatures well above 100 °C. The next questions to address are related to the ultimate application of in situ conversion of oil shale to petroleum -how the permittivity parameters relate to the penetration of radio frequency energy and its ability to heat the formation.
The ability to efficiently produce radio frequency energy and deliver it to specific areas of the formation of interest (i.e., where the richest kerogen is located) is a complicated subject that involves power conversion and antenna design and matching to the variable characteristics of the underground material. For these reasons, we avoid trying to discuss the magnitude of the electric field required to deliver power to the formation for particular heating rates. A more tractable approach is to estimate the relative ability of the radio frequency energy to penetrate the medium by calculating the skin depth, using the inverse of (7). Note, however, that the skin depth, 1 α , involves division by tanδ, which can be a very small number with significant noise. This results in considerable noise in the calculated values. For the figures discussed below, we compensate for this considerable noise effect by applying a smoothing algorithm to the plotted curves. 16 for the Anvil Points shale samples saturated with de-ionized water. This is probably the minimum effect to be expected for a saturated sample, yet the difference in skin depth between the saturated and dry samples is significant. Figure 16 shows a more realistic difference in skin depth, for brine-saturated samples, which show that skin depth is typically less than 10 m for frequencies greater than 10 MHz.
CONCLUSIONS AND IMPLICATIONS
Data obtained in this study make it clear that fluid content has a huge effect on the dielectric properties of oil shale. Oil shale that is fully or partially saturated with water will exhibit much higher loss factor and much smaller skin depth than dry rock. For temperatures up to about 150 °C, this study shows that there is a relatively small effect of temperature on dielectric properties. However, the work of Jesch and McLaughlin (1984) showed that at temperatures where kerogen starts to decompose the dielectric properties will begin to change significantly. The temperature at which kerogen begins to decompose is driven by chemical kinetics and thus will depend on heating rate (Burnham and Singleton, 1983 ). Higher heating rates will lead to kerogen breakdown at higher temperatures, but lower heating rates will lead to kerogen breakdown at lower temperatures (Burnham, 2003) and may actually produce oil with a composition closer to that of naturally produced oil.
The conundrum for radio frequency in situ heating of oil shale is as follows. At most depths of interest, in situ oil shale will be below the water table and saturated with conductive fluid. Our study shows that in this saturated condition the shale will have a high loss factor and a low value of skin depth. Regardless of the means of applying the radio frequency energy, this means that for saturated rock, energy will not penetrate deeply into the formation and most of the heating effect will occur near the energy source. This is a common problem, even for conductive heating methods. As long as the temperature of the formation is below the boiling point and the rock is still moist, the fluid will dominate the heating process. This will be true for almost any conceivable geologic setting composed of sedimentary rock, since sandstone, siltstone, and limestone all will have dielectric properties dominated by the fluid in the pore space. However, once the formation begins to dry out, the radio frequency heating environment will change drastically. For dry rock, the loss factor is very low, and skin depth increases from 10s of meters to 100s of meters. Radio frequency energy is able to penetrate deep into the formation. The conundrum is that the reason it can penetrate is because loss is low and thus less power is absorbed by the rock and the effectiveness of radio frequency heating is drastically reduced. Once the oil shale has been somehow heated to temperatures at which the organic matter begins to decompose, then the dielectric loss in the kerogen will begin to change rapidly and a dynamic process will begin in which radio frequency heating may be very effective for efficiently converting the kerogen to oil and gas under changing conditions by adjusting the applied frequency.
The challenge for radio frequency in situ oil conversion of oil shale is how to deal with the drastically different saturated and unsaturated conditions. More complicated strategies that alternate between heating methods based on variable conditions my speed up heating and reduce energy input; for instance, an early phase of diffusive (conductive) heating or pumping may be preferable for removing fluids from the formation. As drying of the formation occurs, the radio frequency energy will penetrate deeper, and perhaps make this method more effective for heating at this stage than diffusive methods. Once kerogen breakdown begins, the loss factor will increase in the organic matter. This will cause radio frequency energy to concentrate into this part of formation and make this heating method particularly effective at this stage. The complex nature of the dynamic processes involved in all the stages of heating oil shale in situ under natural conditions is difficult to model with confidence. Resolution of the many questions related to the process will most likely come about by means of carefully monitored pilot-scale experiments in the field. Real part of the relative dielectric permittivity plotted versus frequency for a dry Anvil Points shale sample heated to different temperatures. Sample was cored in the direction parallel to layering. Permittivity initially increases with temperature up to 65 °C, then decreases as temperature increases to 100 °C. Figure 10 . Imaginary part of the relative dielectric permittivity plotted versus frequency for a dry Anvil Points shale sample heated to different temperatures. Sample was cored in the direction parallel to layering. Permittivity initially increases with temperature up to 65 °C, then decreases as temperature increases to 100 °C. Figure 11 . Real part of the dielectric permittivity plotted versus frequency for three different temperatures of dry Anvil Points shale cored in the direction perpendicular to layering. Only a slight increase in permittivity is noted as temperature increases to 146 °C. The decrease above 500 MHz for the 146 °C curves is due to a failure of the fixture compensation at temperature for the higher frequencies. Figure 12 . Imaginary part of the dielectric permittivity plotted versus frequency for three different temperatures of dry Anvil Points shale cored in the direction perpendicular to layering. Only a slight increase in permittivity is noted as temperature increases to 146 °C. The decrease above 500 MHz for the 146 °C curves is due to a failure of the fixture compensation at temperature for the higher frequencies. Figure 13 . Skin depth versus frequency, calculated from relative dielectric permittivity data, of four different dry Anadarko shale samples. Skin depth is relatively large for dry samples because of low loss factor. A smoothing algorithm has been applied to these curves to eliminate noise spikes; see text for explanation. Figure 14 . Skin depth versus frequency, calculated from relative dielectric permittivity data, of four different dry Anvil Points shale samples. Skin depth is relatively large for dry samples because of low loss factor. A smoothing algorithm has been applied to these curves to eliminate noise spikes; see text for explanation. Figure 15 . Skin depth versus frequency, calculated from relative dielectric permittivity data, of four different Anadarko shale samples at different levels of saturation with deionized water. Dry samples have much larger skin depth because of low loss factor; we observed values in the direction perpendicular to layering (labeled "p") to be slightly lower than those of samples cored parallel to layering (labeled "t"). Anadarko shale dry P orientation os4 p2 os5 p2 os6 p2 os7 p1
Real relative permittivity Frequency, Hz Real relative permittivity Frequency, Hz Figure 7 . Real part of the relative dielectric permittivity plotted versus frequency for an Anvil points shale sample with different levels of saturation with de-ionized water. Saturation ranges from 0% (dry, bottom curve) to 86% (top curve). 
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Frequency, Hz Figure 11 . Real part of the dielectric permittivity plotted versus frequency for three different temperatures of dry Anvil Points shale cored in the direction perpendicular to layering. Only a slight increase in permittivity is noted as temperature increases to 146 °C. The decrease above 500 MHz for the 146 °C curves is due to a failure of the fixture compensation at temperature for the higher frequencies. 
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Frequency, Hz Figure 12 . Imaginary part of the dielectric permittivity plotted versus frequency for three different temperatures of dry Anvil Points shale cored in the direction perpendicular to layering. Only a slight increase in permittivity is noted as temperature increases to 146 °C. The decrease above 500 MHz for the 146 °C curves is due to a failure of the fixture compensation at temperature for the higher frequencies. Anadarko shale vs. DI saturation os5 t1 Sw = 0% os5 t1 Sw = 89% os5 p2 Sw = 0% os5 p2 Sw = 80%
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Frequency, Hz Figure 15 . Skin depth versus frequency, calculated from relative dielectric permittivity data, of four different Anadarko shale samples at different levels of saturation with deionized water. Dry samples have much larger skin depth because of low loss factor; we observed values in the direction perpendicular to layering (labeled "p") to be slightly lower than those of samples cored parallel to layering (labeled "t"). Anadarko shale brine saturation os7 t1 Sw = 74% os6 p2 Sw = 91% os7 p1 Sw = 80% os7 p2 Sw = 81%
Skin depth, m
Frequency, Hz
Figure 17. Skin depth plotted versus frequency for different brine saturations of an Anadarko shale sample. Note the large difference between the "t" (parallel to layering) and "p" (perpendicular to layering) measurement directions.
